We report the synthesis and cytotoxicity evaluation of a completely new class of cationic carbosilane dendrimers functionalized with several different phosphonium peripheral groups and an ammonium functionalised one as a reference. The carbosilane dendrimers with NMe 3 , PMe 3 , P(Et 2 ) 2 (CH 2 ) 3 OH, PBu 3 , P(C 6 H 4 -OMe) 3 and P(Ph) 3 peripheral substituents were synthesized, thoroughly characterized and modelled by computer simulations. The cytotoxicities of the dendrimers were investigated in vitro on three model cell lines (B14, BRL and NRK cells) by MTT and CV assay methods. Generally, the cytotoxicities of PMe 3 carbosilane dendrimers were similar or slightly lower when compared with NMe 3 dendrimers. The substitution of methyl groups in PMe 3 carbosilane dendrimers with more hydrophobic and bulky alkyl substituents (PBu 3 and P(Et 2 ) 2 (CH 2 ) 3 OH dendrimers) resulted in an increase of cytotoxicity. The P(C 6 H 4 -OMe) 3 dendrimer showed exceptionally low cytotoxicity across all cell lines or assay methods used. Generally, phosphonium carbosilane dendrimers could represent a valuable alternative to ammonium ones in gene therapy applications due to comparable or lower cytotoxicities, the presence of positive charge for nucleic acid electrostatic binding and in the cases of P(C 6 H 4 -OMe) 3 and P(Ph) 3 dendrimers high potential of mitochondrial targeting.
Introduction
Recently, numerous types of drug delivery systems (DDS) have been studied for nonviral gene delivery to treat various genetic diseases such as cystic brosis, haemophilia, cancer or several types of infection diseases.
1 Cationic polymers and lipids, able to interact by electrostatic interactions with negatively charged nucleic acids are used for the formation of dendriplexes and lipoplexes. Such nanoparticles stabilize DNA or RNA, protect them from degradation by nucleases, enable their cellular uptake by endocytosis and nally cause endosomal escape nished by release of genetic material into the cytoplasmic space or nucleus.
2 Among the other polymeric systems, cationic dendrimers (DDMs) such as the commercially available poly(-amidoamine) (PAMAM) dendrimers have been shown to be effective for in vitro cell transfection. [3] [4] [5] [6] Up to now, most of the dendrimer-based gene delivery systems were surface modied by nitrogen-containing cationic groups including ammonium cations. 7 Despite their successful in vitro application, the toxicity of positively charged amine groups is the main obstacle for in vivo use of dendrimers and the other cationic vectors as gene delivery vehicles. 7 Several different approaches were presented, which address this problem by surface engineering of dendrimers with low-toxic outer shell, shielding the positively charged groups present in the inner layer of dendrimer. Modication of dendrimers with poly(ethylene)glycol, 7-10 carbohydrates, [11] [12] [13] [14] amino acids, 15 acetyls 16 or by attaching targeting ligands (peptides, proteins) 17 was described and their resulting lower cytotoxicity compared with unmodied cationic dendrimers demonstrated. On the other hand, a compromise between the toxicity, ability to complex nucleic acids and transfection efficacy of such nanoparticles has to be always considered.
Apart from surface functional groups, the core and branching units of dendrimer can also contribute to the overall toxicity. New less toxic DDMs having biodegradable core or less cytotoxic branching units were therefore synthesized. As an example, the polyester, 18 polyether imine, 19 phosphate 20 or triazine 21, 22 low-toxic DDMs were synthesized. Another promising DDS candidates of this group are carbosilane dendrimers (CS-DDMs). 11, [23] [24] [25] [26] [27] [28] For example, low toxicity of the second generation ammonium-terminated CS-DDMs was proven by several complementary approaches. 27 It was also shown that these cationic DDMs favourably interact with anti-HIV oligodeoxyribonucleotides and form dendriplex nanoparticles, suitable for cell transfection. 23 The siRNA delivery into the brain by carbosilane dendrimers was also reported. 28 Beside this, much less effort has been focused on investigations of dendrimer modications by other types of positively charged groups, like e.g. phosphonium or arsenium cationic moieties. As was already demonstrated, such cationic groups are able to substitute primary amines or ammonium groups in lipid or polymer-based transfectant molecules with signicantly lower cytotoxicity and higher transfection efficiency. [29] [30] [31] As an example, phosphonium-and arsenium-containing lipids have shown ability to bind DNA and to mediate higher gene transfection with lower cytotoxicity in comparison with the ammonium-based analogs in vitro and in vivo [32] [33] [34] . Similarly, phosphonium-containing AB diblock copolymers, which efficiently complexed pDNA to generate core-shell nanoparticles were also reported. Resulted polyplexes demonstrated HepaRG cells specic transfection and low cytotoxicity. 29 The same group of authors also systematically investigated the role of variable length of alkyl substituent attached to the phosphonium cation in DNA complexation and transfection efficiency of different cell lines. 31 The synthesis of phosphonium polymeric material for nucleic acid transfection consisting of polyacrylate polymer backbone modied with phosphonium groups has been reported. 30 Further on, in agreement with other studies, 29 systematic investigation has shown important inuence of different types of alkyl substituents on the phosphonium cations on transfection efficiency and toxicity of polyplexes.
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Despite the proved benets in other types of transfection materials, there exist only few attempts to synthesize dendrimers with phosphonium surface groups and to use them for gene delivery applications. [35] [36] [37] Most of the work done was based on surface group modication of PAMAM dendrimers. As an example, mitochondria-targeted dendrimer was synthesized via the acid-amine-coupling conjugation reaction between the acid group of (3-carboxypropyl)triphenylphosphonium bromide and the primary amines of the acetylated generation 5 poly(amidoamine) (PAMAM) dendrimer. Resulting triphenylphosphonium (TPP)-anchored dendrimer was efficiently taken up by the cells and demonstrated mitochondrial targeting with greater cell viability on broblast cells (NIH-3T3) as compared to unmodied PAMAM-NH 2 dendrimer. 37 In the similar way, an efficient HeLa and COS-7 cells transfection with EGFP and luciferase reporter gene expression plasmids has been shown. Transfection efficacy was improved in comparison with commercial transfectants Lipo2000 and unmodied dendrimers along with decreased cytotoxicity. 36 Apart from those two literature examples, which focused solely on TPP surface modication of PAMAM dendrimers, no systematic comparative investigation of different types of phosphonium groups on dendrimer cytotoxicity and eventually, transfection efficacy has been presented.
Herein we present synthesis and characterization of completely new class of generation 1-3 carbosilane dendrimers surface modied with various types of phosphonium groups and one type of ammonium terminated CS-DDM for comparison. The core of carbosilane dendrimers was synthesized based on our previous work on synthesis of CS-DMMs functionalized with titanocene moieties. [38] [39] [40] [41] Ammonium and phosphonium groups were connected by quaternization of trimethyl amine or an appropriate phosphine by iodopropyl-terminated dendrimers. To manifest their potential in biomedical applications, we have performed comparative in vitro cytotoxicity studies on three model cell lines. dendrimers with 3-chloropropyl terminal groups were synthesized via hydrosilylation of allyl-terminated starting compounds by (3-chloropropyl) No side products resulting from undesired a-hydrosilylation leading to branched alkyl spacers in the structure were detected. Siloxane, which was sometimes observed as the product of hydrolysis followed by condensation of (3-chloropropyl)dimethylsilane was removed by evaporation in high vacuum. The chloropropyl functionality was subsequently transformed to iodopropyl by Finkelstein reaction. The triplets of the methylenes connected to halogens are aer the substitution shied to higher eld from 3.50 ppm for chloride to 3.18 ppm for iodide. As the starting uncharged dendrimers 1-6 were not easily ionisable, even using APCI ionization technique, a different approach was employed. The compounds were dissolved in chloroform, a few drops of methanol were added followed by addition of ammonium formate buffer. 
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The last step of the synthesis consists in the formation of onium salts on the periphery of dendrimers. The quarternisation reaction with 3-iodopropyl-terminated dendrimers was carried out in acetonitrile with slight excess of trimethylamine or an appropriate phosphine. Insoluble starting hydrophobic dendrimers became gradually soluble in acetonitrile as soon as the number of onium groups created on the periphery was sufficient to transfer compounds into solution. Aer completion of the reaction, the excess of amine or phosphine was extracted in toluene. Depending on terminal groups, the products were isolated as white solids or liquids having variable viscosity.
In this manner we prepared a series of carbosilane dendrimers decorated by onium salts on the periphery. For ammonium-phosphonium comparative study we synthetized a series of methylated analogues which differ only in cationic centre i.e. nitrogen (7-9) or phosphorus (10-12) atom. As expected, due to the much higher nucleophilicity of phosphines toward carbon compared with amines, quaternization of amines requires longer reaction time to achieve fully substituted product. For ammonium derivatives (7-9) was recently published procedure based on quaternization of amino groups on periphery of dendrimers with an excess of MeI.
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The above described synthetic procedure was followed also in the synthesis of a new family of phosphonium-terminated dendrimers (Scheme 2). Representative groups having diverse environments of cationic centres were designed and characterized. The NMR spectroscopic and analytical data for all derivatives are consistent with their proposed structures. The presence of Si(CH 2 ) 3 P unit in molecule was documented byshis in 29 Si { 1 H} NMR showed no signicant change with respect to the environment of phosphorus atom. 31 P { 1 H} NMR was in this sense more sensitive. Signals occurred in the range from about 21 ppm for methoxyphenyl-terminated dendrimers to 43 ppm for dendrimers 13-15. In the case of all quarternary ammonium or phosphonium salts, the ions were easily observable via electrospray ionisation. Due to the ability of target dendrimer molecules to form multiply charged species, almost all the possible cations were observed in each case (for example, if the dendrimer structure is Dend.P n I n , all the possible [Dend.P n I nÀi ] i+ ions are formed) (see Tables S1 and   S2 †) . This feature offers an opportunity to observe counteranions in the positive mode, which simplies the monitoring of I À /Cl À ion exchange reaction leading to the compounds 19-21, 25-27 and 31-33. Solubility in aqueous solutions is a critical parameter for applicability of dendrimers in biological systems and their use in biomedical applications. Because of the inherent hydrophobicity of the interior of carbosilane dendrimers the appropriate solubility behaviour can be achieved by targeted design of peripheral groups. The solubility of onium salts is known to be strongly dependent on counter-anion, 44 therefore ion exchange was suggested as a useful method to enhance solubility in water. Dendrimers containing butyl (16) (17) (18) , methoxyphenyl (22) (23) (24) and phenyl (28) (29) (30) substituents showed only negligible solubility in water when the counteranion was the iodide ion despite being well soluble in polar aprotic solvents such as DMSO, acetonitrile, but also in methanol. To enhance water solubility of poorly soluble compounds we exchanged the iodide anions for chloride using ion exchange resign with the result of increasing the solubility in water considerably. For example solubility of all dendrimers with butyl groups was increased from <5 mg mL À1 for derivatives with iodine to >100 mg mL À1 for those with chloride anion. Table S3 † summarizes typical values of solubility of prepared compounds in water.
Computer modelling of dendrimers
To obtain detailed information about the shape, size, space distribution of peripheral groups etc. of all dendrimers in water, their computer simulation models were studied using molecular dynamics in explicit water. Models show that higher generation dendrimers maintain spherical shape ( Fig. 2 panel   A ). Calculated radii of gyration (R g ) and "geometric radii" (R max ) are shown in Table 1 . The sizes of NMe 3 and PMe 3 dendrimers, which have the same structure except terminal (quaternized) atoms (N or P), are almost identical in all generations. The other structures are slightly bigger than those two structures P(C 6 H 4 -OMe) 3 dendrimer being the biggest.
Radial distribution functions of dendrimer atoms and water with respect to the central Si atom were calculated for the 3 rd generation (G3) dendrimers. Density analysis of terminal P(N) atoms revealed more pronounced back-folding in case of PMe 3 dendrimer (ca. 6-9Å area from central Si atom) compared with NMe 3 which has higher density in more distant area (ca. 13-16 A) . Otherwise the density proles of those two dendrimers are quite similar. Furthermore, the density proles have rather similar shape in all dendrimers showing one main peak around ca. 11.5Å and one secondary peak at ca. 15.5Å distance from the central Si atom. P(C 6 H 4 -OMe) 3 dendrimer has one additional remarkable peak at 8Å indicating back-folded branch/es (see Fig. 2 panel B, upper graph). Radial density proles of water with respect to central Si atom are shown at Fig. 2 panel B, lower graph. Dendrimers with the most hydrated interior are NMe 3 and PMe 3 . NMe 3 is slightly more hydrated than PMe 3 dendrimer. P(C 6 H 4 -OMe) 3 dendrimer has the smallest water density in majority of its interior when compared with other dendrimer types. Fig. 2 panel C shows molecular surfaces of dendrimers (G3) coloured according to their electrostatic potential. As presented in Table S4 (see ESI †) the average value of surface potential is very similar (around 0.14 V) for all structures but there are more signicant differences in the range of electrostatic potential values (min, max) and standard deviation.
In vitro cytotoxicity evaluation
To determine the potential of biomedical applications of novel class of dendrimers presented, we have further focused on investigation of their cytotoxicity, as one of the most important parameters which inuence and limit the practical use of the majority of drug delivery systems. Cytotoxicity proles of carbosilane dendrimers terminated with different phosphonium and NMe 3 functional groups were investigated in vitro on three model cell lines (B14, BRL and NRK cells) with the aim to reect the potential tissue/cell type related variations. Two methods were used to determine the effect of dendrimers on cell viability. The rst one was MTT assay, the method which is based on monitoring of NAD(P)H-dependent cellular oxidoreductase enzymes activity and is therefore related to inhibition of metabolic processes in mitochondria. The other method was the crystal violet (CV) staining assay. This method is based on crystal violet property to stain cell's DNA and is therefore connected to number of cells aer cultivation experiment (monitors the inhibition of the cell growth).
With the aim to investigate the main parameters inuencing the toxicity proles of individual dendrimer types, cell viability was plotted in logarithmic concentration scale (Fig. 3) and tted with four-parameter logistic function (4PL function, R 2 > 0.95) using nonlinear regression analysis as described in Experimental section (see Section 4.5). Based on the calculated parameters of each curve, the IC 50 values (concentration of dendrimers which inhibits the cell viability to 50% of the control sample) were obtained ( Table 2 ) and used for further evaluation of dendrimer cytotoxicity. Toxicity of dendrimers was studied based on IC 50 as variable of dendrimer type, generation, assay method and cell line. 2.3.1 Inuence of dendrimer peripheral groups on cytotoxicity. As is apparent from Fig. 4 (generation 3) and Fig. S70 and S71 † (generation 2, 1) there is no simple relative order of toxicity of individual types of dendrimers which holds for all experimental variants and assay methods investigated. More likely it is possible to recognize some groups or individual types which differ from the rest of the dendrimers according to the specic conditions of experiment. Focusing rst on the phosphonium and ammonium dendrimers with methyl groups (NMe 3 -dendrimer 7-9 and PMe 3 -dendrimer 10-12) quite similar cytotoxic effect with IC 50 in the order of 2-50 mM (based on the cell type and generation) was observed by MTT method. This is in good agreement with previously published results 27 of NMe 3 2 nd generation carbosilane dendrimers cytotoxicity with the IC 50 measured by MTT assay in the range of 1-10 mM. In comparison with other types of dendrimers, those two dendrimers stay always close together in relative order of toxicity showing slightly less toxic effect (exception being P(C 6 H 4 -OMe) 3 dendrimer 25-27 as discussed further) on mitochondria (MTT assay), but have very similar effect on inhibition of cell growth with other types of dendrimers (CV assay, IC 50 ¼ 2-160 mM based on cell type and dendrimer generation). PMe 3 dendrimer was signicantly less toxic when compared with NMe 3 one on B14 cells. This applies to all generations measured by MTT and Table 1 The size characteristics of dendrimers. R g -radius of gyration of the simulated dendrimer structures, R max -maximal distance of the dendrimer atoms from the dendrimer center of geometry (for spherical molecules estimate of their radius). In each cell of the 3 OH, PBu 3 , P(C 6 H 4 -OMe) 3 , P(Ph) 3 ) of the same generation (G1-3) and measured by the same method (MTT or CV).
in case of G1 also to CV assay. Based on such observations, we may conclude that generally the cytotoxicity of PMe 3 is similar or slightly lower when compared with NMe 3 dendrimers based on the cell line tested. This is in agreement with the published data focused on comparative studies of phosphonium-and ammonium-modied lipid transfectants.
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Signicant differences in comparison with all other dendrimers were shown by P(C 6 H 4 -OMe) 3 dendrimer 25-27. In fact, it's very low cytotoxicity was measured across all cell lines, assay methods used and generations (except some small differences of G1 on B14 cells). IC 50 calculated for MTT assay were in the range of 6-219 mM, whereas for CV assay those values were shied up to 66-1890 mM (based on the cell line and dendrimer generation). This exceptionally low cytotoxicity as compared to other dendrimer types in this study falls in the range reported for sugar or even PEG coated dendrimers. 7, 13, 45 For example, Janaszewska et al. 46 reported the IC 50 value of maltose-modied open shell and dense shell poly(propylene imine) (PPI) dendrimers between 100-145 mM when studied on SKOV3 cell line, contrary to unmodied cationic PPI dendrimers with IC 50 < 8 mM. Similarly, Wrobel et al. 13 showed the signicant haemolytic activity of maltose functionalized hyperbranched poly(ethylene imine)s starting at 100-300 mM concentration depending on density of maltose units on PEI polymer. It is not so straightforward to explain such exceptional properties of P(C 6 H 4 -OMe) 3 dendrimer. We may hypothesize that it's relatively low cytotoxicity may be possibly related to delocalization of positive charge on phosphorus atoms caused by three electron-donating methoxy groups in para positions capable of conjugation with electrons of aromatic rings and with the phosphonium center. The delocalization of positive charge of outer shell together with larger concentration of charged groups in the interior of dendrimer, caused by signicant backfolding of dendrimer branches (as discussed in chapter 3.2) could decrease the toxic interactions with the cell membrane and proteins in cytoplasmic space. Because still being positively charged and therefore able to complex siRNA we suggest that this type of dendrimer could be an interesting alternative to low-toxic pegylated or sugar coated dendrimers for receptor targeted siRNA delivery in vivo.
Interestingly, recognizable large differences in cell viability as measured by MTT and CV assay were in several cases, along with P(C 6 H 4 -OMe) 3 dendrimer, also observed for P(Ph) 3 dendrimer (31) (32) (33) . This dendrimer is quite toxic when measured by MTT (IC 50 < 2.5 mM at G3). On the contrary, the toxicity measured by CV was in some cases (e.g. B14 G3, NRK G2) signicantly lower (IC 50 > 19 mM for B14-G3 and 86 mM for NRK-G2) when compared with other types of dendrimers ranking it second (aer P(C 6 H 4 -OMe) 3 dendrimer) in line (decreasing order of toxicity, see e.g. Fig. 4 , B14-CV-G3). Such results are Table 2 IC 50 values of dendrimers (given in mM) and standard error of the mean (SEM) derived from the best fit (four-parameter logistic function, R 2 $ 0.95) of experimental data obtained from cell viability measurements. Values are organized according to the (i) cell line used for toxicity evaluation (B14, BRL, NRK); (ii) toxicity assay method (MTT, CV); (iii) generation of dendrimer (G3, G2, G1); (iv) type of dendrimer (NMe 3 , PMe 3 , P(Et 2 ) 2 (CH 2 ) 3 OH, PBu 3 , P(C 6 H 4 -OMe) 3 , P(Ph) 3 quite interesting taking in mind a relatively high hydrophobicity of phenyl groups. Moreover, lower toxic inuence on the growth of cells as observed in some cases and relatively high toxicity observed by MTT suggests possible preferential targeting of this dendrimer into mitochondria. This, in fact, supports the previously published results on triphenylphosphonium (TPP) modied PAMAM dendrimers. 37 Fluorescently labeled PAMAM dendrimers, surface functionalized with TPP were selectively targeted into the mitochondria and showed a decreased overall toxicity to cells as compared to unmodied dendrimer. In fact, it is well known that triphenylphosphonium (TPP), a cation with sufficient lipophilicity and delocalized positive charge, is an efficient mitochondriotropic ligand which promotes accumulation of various TPP conjugated molecules in the mitochondria. 47 Thus, despite having no direct evidence, we suggest that P(C 6 H 4 -OMe) 3 and P(Ph) 3 dendrimers may preferentially accumulate in mitochondria causing relatively large differences in toxicity as observed by MTT and CV assay. If this holds true than those two dendrimers could represent a unique drug delivery systems (DDSs) for mitochondrial targeting with relatively low toxicity as compared to other types of comparable systems. Such hypothesis will be veried by further investigations.
The last group of dendrimers which are characterized by quite similar cytotoxic effects are PBu 3 and P(Et 2 ) 2 (CH 2 ) 3 OH dendrimers (19) (20) (21) (13) (14) (15) . Both are ranked among the most cytotoxic dendrimers in both -MTT and CV assays (see Table 2 ) with some exception of P(Et 2 ) 2 (CH 2 ) 3 OH observed at G1 (B14, BRL -CV assay). The reason for the higher cytotoxicity observed could be the presence of hydrophobic alkyl substituents on phosphonium groups. Interestingly, there is no signicant positive effect of -OH groups present on P(Et 2 ) 2 (CH 2 ) 3 OH dendrimer on decreasing of cytotoxic effect.
Based on these results, we may conclude that the replacement of methyl substituents on phosphonium group with more hydrophobic and bulky alkyl groups (P(Et 2 ) 2 (CH 2 ) 3 OH, PBu 3 ) leads to the increase of overall cytotoxicity towards the mitochondria and strong inhibition of cell growth. Substitution of methyl substituents with phenyl and p-tolyl groups leads to signicant differences in toxicity as observed by MTT and CV method, with higher observed toxicity of dendrimers towards the mitochondria. This effect is extremely pronounced in the case of P(C 6 H 4 -OMe) 3 dendrimers which are more than order of magnitude less toxic when measured by CV method as compared to MTT. Such effects are more visible at higher (G2, G3) generations of dendrimers, where the larger amount of phosphonium groups on dendrimer is present. Similar results were demonstrated by Ornelas-Megiatto et al. 30 in their study of cytotoxicity of alkyl-functionalized polyphosphonium polymers. The nature of the alkyl substituents of the phosphonium cations was also shown to have important inuence on the transfection efficiency where the phosphonium groups of the analogous composition as ammonium ones achieved a much better transfection efficiency and lower cytotoxicity. Therefore, we expect that a similar positive effect could be observed with phosphonium carbosilane dendrimers in dependence on the type of substituent used.
2.3.2 Inuence of dendrimer generation on cytotoxicity. Dendrimer generation is another important parameter, which inuence their overall cytotoxicity. As is apparent from Fig. 5 , dendrimer cytotoxicity signicantly increases between G1 to G2 generation regardless on assay method and cell line used. On the contrary, much smaller differences were observed between G2 and G3 dendrimers. The differences between IC 50 of G2 and G3 were statistically signicant only in few cases (see Fig. 5 ). The toxicity of dendrimer is always a function of toxicity of core and outer shell. First generation dendrimers, where a hydrophobic core is more open and the number of ammonium/ phosphonium groups is low are much less toxic than G2 and G3 dendrimers where the number of positively charged groups increases and creates an outer shell of dendrimer. Thus, the contribution of hydrophobic core to overall cytotoxicity of dendrimers is negligible.
2.3.3 Inuence of assay method. MTT and CV assay were selected for cytotoxicity screening since they measure the effect of compound (dendrimer) based on different principles. The MTT is related to specic enzymatic activity connected with mitochondria, CV monitors the growth of cell population. As is apparent from Fig. 4, S70 and S71, † MTT assay is more sensitive to presence of dendrimer than CV assay. Statistically signicant differences in IC 50 of MTT and CV (IC 50 MTT < IC 50 CV) were observed in the most of the experimental variations regardless on dendrimer type, generation and cell line. Moderate differences between IC 50 of MTT and CV (differences within an order of magnitude) were present mainly in case of NMe 3 , PMe 3 , P(Et 2 ) 2 (CH 2 ) 3 OH and PBu 3 dendrimers. Contrary to this, much higher differences (IC 50 MTT ( IC 50 CV) were apparent in case of P(C 6 H 4 -OMe) 3 and P(Ph) 3 dendrimers as was already discussed above. Similar discrepancies between the IC 50 of various inhibitors measured by MTT and CV method have been already discussed elsewhere. 48 The reason of such observations could be the preferential interaction of toxic compound with mitochondrial metabolism or provoking a cell stress which onset is faster than reduction of cell population growth by necrosis or apoptosis. 48, 49 Higher differences observed in case of P(C 6 H 4 -OMe) 3 and P(Ph) 3 dendrimers could be connected to their preferential targeting and therefore also higher inuence on the metabolism of mitochondria, as suggested from other published works. 37 Our experiments also support the conclusions discussed elsewhere, 48 that to evaluate reliably the cytotoxicity of novel types of nanoparticles, several assay methods must be performed simultaneously, since they can give a different or sometimes even misleading results.
Conclusions
The carbosilane dendrimers with NMe 3 , PMe 3 , P(Et 2 ) 2 (CH 2 ) 3 -OH, PBu 3 , P(C 6 H 4 -OMe) 3 and P(Ph) 3 periphery substituents were synthesized, thoroughly characterized and simulated by computer modelling approaches. Dendrimers containing butyl, methoxyphenyl and phenyl substituents showed only negligible solubility in water when the counter-anion was the iodide ion. By exchange of the iodide anions for chloride using ion exchange resign the solubility in water was considerably increased to >100 mg mL À1 .
Computer simulations show that higher generation dendrimers maintain spherical shape and their dimensions are comparable with only negligible differences. Radial distribution function revealed interesting properties of P(C 6 H 4 -OMe) 3 dendrimer with apparent backfolding of peripheral groups and the smallest water density in the interior of dendrimer in comparison with other dendrimer types.
Generally, the cytotoxicity of PMe 3 carbosilane dendrimers was similar or slightly lower as compared to NMe 3 dendrimers which correlates well with the published works focused on phosphonium-and ammonium-modied lipid transfectants. [32] [33] [34] The substitution of methyl groups of PMe 3 carbosilane dendrimers with more hydrophobic and bulky alkyl substituents (PBu 3 and P(Et 2 ) 2 (CH 2 ) 3 OH dendrimers) resulted in increase of cytotoxicity as measured by MTT and CV method regardless of cell line tested. Signicant differences in comparison with all other dendrimers were shown for P(C 6 H 4 -OMe) 3 dendrimer and partially also in the case of P(Ph) 3 dendrimer. P(C 6 H 4 -OMe) 3 dendrimer is of very low cytotoxicity across all cell lines or assay methods used and can be even compared to low cytotoxic sugar or PEG coated dendrimers. 7, 13, 45 Recognizably large differences in cell viability as was measured by MTT and CV assay were in several cases, along with P(C 6 H 4 -OMe) 3 dendrimer, observed also for P(Ph) 3 dendrimer. Based on such observations, we suggest that P(C 6 H 4 -OMe) 3 and P(Ph) 3 dendrimers may preferentially accumulate in mitochondria. Therefore, both dendrimers could represent unique drug delivery systems (DDS) for mitochondrial targeting with relatively low cytotoxicity as compared to other types of DDS systems.
Experimental section

General considerations
Unless otherwise stated, reagents were used as received from commercial sources. Literature procedures were followed in the preparation of (3 chloropropyl)dimethylsilane 50 and allylterminated carbosilane dendrimers. 51 Karstedt catalyst (obtained as a 2-3% solution in xylenes), trimethylphosphine (1.0 M solution in THF), triphenylphosphine and AMBERLYST A-21 were purchased from Sigma Aldrich, trimethylamine (ca. 25% solution in isopropyl alcohol), tris(p-methoxyphenyl) phosphine and tributylphosphine from TCI chemicals. Diethyl-(3-hydroxypropyl)-phosphine was taken from laboratory supplies. The 1 H (299.9 or 499.9 MHz), 13 HRMS spectra were measured using Bruker MicrOTOF-QIII apparatus. Due to the structure of target compounds, the electrospray ionisation source in positive mode was used with the parameters adjusted as follows: the capillary voltage was 4200 V, the end plate offset was À500 V. The collision cell RF ranged from 350 Vpp to 1000 Vpp, based on the size of the measured molecule. Nitrogen was used as the nebulizer gas (at the pressure of 1.6 bar), just as the drying gas (heated to 180 C, with the ow of 8 L min À1 ). The scans of MS spectra were carried out in the mass range of m/z 80-1550 for the smaller and 200-6000 for the bigger dendrimers. For HRMS, the calibration on Naformate or CsPFHA clusters was employed. To support ionisation in solutions of uncharged dendrimers, ammonium formate buffer (5 mL MeOH, 1.25 mL HCOOH, 3.9 g HCOO À NH 4 + , lled up to 25 mL with water) was used. The samples were delivered into the ESI source by direct infusion, using a syringe pump (Kd-Scientic, KDS-100-CE, 0.5 mL Hamilton syringe, ow 180 mL min À1 ) coupled to the MicrOTOF-QIII mass spectrometer. 
Dendrimer (4).
Mixture of chlorine terminated dendrimers 1 (2.00 g, 2.71 mmol) and sodium iodide (8.11 g, 54.2 mmol) in 40 mL of butan-2-one was heated to reux for 2 days. The reaction mixture was then cooled to room temperature. The product was extracted to diethyl ether (2 Â 30 mL), the extract ltered through silica gel and dried over anhydrous MgSO 4 CH 2 P). 29 
4.2.14 Dendrimer (13) . To a solution of dendrimer 4 (1.2 g, 1.09 mmol) in acetonitrile (15 mL) the diethyl-(3-hydroxypropyl)-phosphin was added (8.7 mL, 8.67 mmol). The reaction mixture was then stirred at 70 C for 48 hours. The solvents were removed on the rotary evaporator and to a crude product toluene (2 mL) was added and mixture was stirred at 80 C for 6 h followed by ltration at room temperature and drying of product at vacuum. calculations) were done using GAMESS. 54, 55 The default, HF/6-31G*, level of theory was used for all charge-related QM calculations and the MEP potential was tted on Connolly molecular surface. GAFF force eld (Generalized Amber Force Field), was used for parametrization of dendrimers. 56 Missing force eld parameters were tted by minimizing the differences between QM and force eld based relative energies of properly chosen molecular fragments. QM energies were calculated at MP2/HF/ 6-31G** level of theory using GAMESS and tting was accomplished using paramt routine from AMBER14 soware.
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Slightly adjusted van der Waals parameters for Si atoms from MM3 force eld were used in this study. 58 Dendrimer models were solvated in explicit water (TIP3P model) with the proper number of Na + and Cl À ions to preserve neutrality of the system and to ensure the physiological ionic strength (0.15 M). 59 First the systems were minimized (5000 steps with 2 kcal (molÅ 2 )
À1 restraint + 5000 without restraint), heated (200 ps NVT) to 294 K and equilibrated using 70 ns long molecular dynamics simulations (NPT, T ¼ 294 K, P ¼ 0.1 MPa). The rst 0.5 ns with restrained solute. Hydrogens were constrained with the SHAKE algorithm to allow 2 fs time step 60 and Langevin thermostat with collision frequency 2 ps À1 was used for all MD runs. 61 The pressure relaxation time for weak-coupling barostat was 2 ps. Particle mesh Ewald method (PME) was used to treat long range electrostatic interactions under periodic conditions with a direct space cutoff of 10 Angstroms. The same cutoff was used for van der Waals interactions. The pmemd.cuda module from Amber14 package was used for all simulation steps. 62 Radial distribution function calculations were done using last 20 ns of MD trajectory (2000 frames analyzed). In case of size characteristics calculations (R g , R max ) last 40 ns was used (80 frames analyzed). The cpptraj module from Amber14 was used for last mentioned analysis. 63 Adaptive Poisson Boltzmann Solver (APBS) was used for electrostatic potential calculation.
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Chimera soware was used for all visualizations. Plates with cells were incubated 24 h at a 37 C in a humidied atmosphere of 5% CO 2 to allow adherence of the cells before the administration of dendrimers. 4.4.2 MTT assay. Cytotoxicity of dendrimers was assayed with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide). Briey, aer 24 h incubation when cells attached on 96-well plates they were treated with concentration range from 0.5 to 20 mM carbosilane dendrimers. Aer 24 h incubation, a solution of MTT in PBS was added to each well. Four hours later the medium was removed and the formazan precipitate dissolved in DMSO for absorbance measurement at 580 nm and reference 700 nm. Viability is given graphically as a percent of the control values (without dendrimers).
4.4.3 Crystal violet staining assay (CVS). The cytotoxicity effect was also evaluated by crystal violet assay. Cells were seeded in 96-well plates and were grown in 100 ml of appropriate growth medium for 24 h. Then cells were treated with carbosilane dendrimers as it has been done in a MMT assay. Aer 24 h incubation cells were washed by phosphate buffer and 50 ml of 0.05% crystal violet solution in 20% methanol was added. Cells had been incubated with staining solution for 30 min and aer incubation double washed with distilled water and le to dry. Aer drying process the crystal violet was washed from dry cells by methanol and the absorbance was measured at 570 nm and reference 700 nm. Viability is given graphically as a percent of the control values (without dendrimers).
IC 50 calculations
The IC 50 values (concentration of dendrimers which inhibit the cell viability to 50% of the control sample) were calculated from the best t of experimental data with four-parameter logistic function (4PL function, R 2 > 0.95) using nonlinear regression analysis in Graph Pad Prism soware (GraphPad Soware, Inc. USA, version 7):
Y ¼ 100/(1 + (X HillSlope )/(IC 50 HillSlope ))
where X ¼ log of dendrimer concentration, Y ¼ growth inhibition value normalized to control and the HillSlope represent unitless factor.
Statistical analysis
Measured data are presented as the mean value AE standard deviation (error bars, S.D.). Each experimental variant was conducted in at least three independent runs. The statistical analysis was performed with GraphPad Prism 7 (GraphPad Soware, Inc, USA) soware using an unpaired t-test or one-way ANOVA followed with Tukey-Kramer multiply comparison test. p < 0.05 was considered statistically signicant.
